It has been considered that the yeast Saccharomyces cerevisiae, like many other microorganisms, synthesizes glutamate through the action of NADP ؉ -glutamate dehydrogenase (NADP ؉ -GDH), encoded by GDH1, or through the combined action of glutamine synthetase and glutamate synthase (GOGAT), encoded by GLN1 and GLT1, respectively. A double mutant of S. cerevisiae lacking NADP ؉ -GDH and GOGAT activities was constructed. This strain was able to grow on ammonium as the sole nitrogen source and thus to synthesize glutamate through an alternative pathway. A computer search for similarities between the GDH1 nucleotide sequence and the complete yeast genome was carried out. In addition to identifying its cognate sequence at chromosome XIV, the search found that GDH1 showed high identity with a previously recognized open reading frame (GDH3) of chromosome I. Triple mutants impaired in GDH1, GLT1, and GDH3 were obtained. These were strict glutamate auxotrophs. Our results indicate that GDH3 plays a significant physiological role, providing glutamate when GDH1 and GLT1 are impaired. This is the first example of a microorganism possessing three pathways for glutamate biosynthesis.
Two pathways for ammonium assimilation and glutamate biosynthesis have been found in a variety of organisms. The first one, described by Holzer and Schneider in 1957 (12) , is mediated by NADP ϩ -glutamate dehydrogenase (NADP ϩ -GDH; EC 1.4.1.4), which catalyzes the reductive amination of 2-oxoglutarate to form glutamate. In an alternative pathway demonstrated by Tempest et al. (25) , glutamate is aminated to form glutamine by glutamine synthetase (GS; EC 6.3.1.2), the amide group of which is then transferred reductively to 2-oxoglutarate by glutamate synthase (GOGAT; EC 1.4.1.13), resulting in the net conversion of ammonium and 2-oxoglutarate to glutamate. The GS-GOGAT pathway has been found in several microorganisms (2, 13, 16, 23) and in higher plants (18) .
In Saccharomyces cerevisiae, both pathways for glutamate biosynthesis are present (7, 19) . Mutants altered in NADP ϩ -GDH have been isolated (6) ; these show a higher doubling time than that of the wild type when both strains are grown on minimal medium supplemented with ammonia as the sole nitrogen source. Mutants impaired in GOGAT activity were selected from NADP ϩ -GDH-less mutants as glutamate auxotrophs (7, 19) . Genetic analysis of one of these mutants showed that the lack of GOGAT activity was due to the presence of two mutations (gus1 and gus2), which suggested the existence of two GOGAT enzymes in S. cerevisiae (7) . Cloning of the GOGAT structural gene (GLT1) and construction of null GOGAT mutants definitively established that this yeast possesses a single NADH-GOGAT enzyme (4) and that GOGATless mutants (7) which cannot be complemented with GLT1 (unpublished results) are probably impaired in GLT1 regulation. In this paper we report the characterization of strains impaired in either GDH1, GLT1, or both. Our results show that there is a third pathway for glutamate biosynthesis, mediated by an NADP ϩ -GDH encoded by GDH3. Mutants impaired in GDH1 or GLT1 were derived from strains CLA1 (ura3 leu2), CLA2 (ura3 LEU2), and CLA3 (URA3 leu2) (Table 1) . CLA4, a prototrophic derivative of CLA1, was used as a wild-type control (Table 1) . Null glt1⌬ mutants were obtained as previously described (4) . Plasmids pLV1 and pLV2 harbored a 4.5-kb GLT1 fragment and the URA3 (pLV1) or LEU2 (pLV2) yeast genes. Both plasmids were sequenced with the Sequenase V.2 kit (U.S. Biochemicals [USB]). Strains CLA2 and DAN1 were transformed according to the method described by Hinnen et al. (10) with BglIIlinearized preparations of pLV1 and pLV2 yielding, respectively, strains CLA5 (GDH1 GDH3 glt1⌬::URA3) and DAN2 (gdh1 GDH3 glt1⌬::LEU2). Southern analysis was carried out as described by Sambrook et al. (22) . The results indicated that plasmid insertion had occurred in the wild-type chromosomal GLT1 gene. Isolation and characterization of an ethyl methanesulfonate (EMS)-derived GDH1 mutant has been described previously (7) . In order to obtain a null GDH1 mutant, the following pair of deoxyoligonucleotides was prepared: A1, 5ЈCAGAATTTCAACAAGCTT3Ј, from bp 961 to bp 978 and A2, 5ЈACCGATATCACCAGC3Ј, from bp 1410 to bp 1392 of the GDH1 gene (20, 21) . PCR amplification of yeast genomic DNA was carried out in a thermocycler (PTC-100; MJ Research, Inc.). The 450-bp amplification product was gel purified and ligated into the BamHI-SalI site of either YIp5 (24) , harboring the URA3 yeast gene, or YIp351 (9), harboring the LEU3 yeast gene, generating plasmids pLV3 and pLV4. These subclones were sequenced by primer extension with the Sequenase V.2 kit (USB), confirming that we had specifically amplified a GDH1 fragment. Plasmids pLV3 and pLV4 were linearized after BglII digestion and used to direct homologous recombination into the yeast genome, generating strain CLA6 (gdh1⌬ GDH3 GLT1) from CLA2. Southern analysis was carried out with the 450-bp GDH1 insert as a probe. The pattern of transformants clearly indicated that the insertion of the construct had occurred in the wild-type genomic sequence of GDH1 (Fig. 1) .
The glt1⌬ mutant strain CLA5 (GDH1 GDH3 glt1⌬) showed no growth phenotype, so it was indistinguishable from a wildtype strain grown on ammonium ( Fig. 2A) . In all cases, cells were grown on minimal medium containing the same salts, trace elements, and vitamins used in yeast nitrogen base medium (Difco Laboratories, Detroit, Mich.). Glucose (2%) was used as the carbon source. As had been found previously (6, 7), GDH1-less mutants showed a twofold higher duplication time when grown on ammonium (Fig. 2A) ; on glutamate they grew as well as the wild-type strain (data not shown). A double null mutant devoid of GDH1 and GLT1 (CLA8; gdh1⌬ GDH3 glt1⌬) was prepared by successively transforming strain CLA1 (GDH1 GLT1 GDH3 ura3 leu2) with plasmids pLV1 and pLV4. Unexpectedly, the CLA8 double mutant was able to grow on ammonium with a duplication time of 7 h (Fig. 2B) , thus indicating the existence of a third pathway for glutamate biosynthesis. Similar results were obtained with a double mutant strain (DAN2) carrying the GDH1-less EMS-derived mutation and the glt1⌬ null mutation ( (C) Lanes: 1, wild-type strain (CLA4); 2, glt1⌬ null mutant (CLA5) digested with AflII. Samples in panel A were probed with a 450-bp PCR fragment internal to the GDH1 gene, samples in panel B were probed with a 760-bp PCR fragment internal to the GDH3 gene, and samples in panel C were probed with a 4.5-kb fragment internal to the GLT1 gene.
FIG. 2. (A) Growth of strains CLA4 (GDH1 GDH3 GLT1) (F), CLA5
(GDH1 GDH3 glt1⌬) (E), CLA6 (gdh1⌬ GDH3 GLT1) (å), and CLA7 (GDH1 gdh3⌬ GLT1) (Ç). Cells were incubated on minimal medium with 40 mM (NH 4 ) 2 SO 4 . (B) Growth of strains CLA4 (GDH1 GDH3 GLT1) (F), CLA8 (gdh1⌬ GDH3 glt1⌬) (E), CLA9 (GDH1 gdh3⌬ glt1⌬) (å), CLA10 (gdh1⌬ gdh3⌬ GLT1) (Ç), and DAN2 (gdh1 GDH3 glt1⌬) (s). Cells were incubated on minimal medium with 40 mM (NH 4 ) 2 SO 4 . Cultures of strain DAN2 were supplemented with 0.2 mM uracil. (C) Growth of strains CLA4 (GDH1 GDH3 GLT1) (F) and DAN3 (gdh1 gdh3⌬ glt1⌬) (å) on minimal medium with 40 mM (NH 4 ) 2 SO 4 and strains CLA4 (E) and DAN3 (Ç) on minimal medium with 5 mM glutamate as the sole nitrogen source. O.D., optical density. (9), harboring the LEU2 yeast gene, generating plasmids pLV5 and pLV6. Both subclones were sequenced by primer extension with the Sequenase V.2 kit (USB), confirming that we had specifically amplified a GDH3 fragment. Plasmids pLV5 and pLV6 were linearized after BglII digestion and used to direct homologous recombination into the yeast genome. This allowed the construction of gdh3⌬ null mutant strains CLA7 (GDH1 gdh3⌬ GLT1), CLA9 (GDH1 gdh3⌬ glt1⌬), and CLA10 (gdh1⌬ gdh3⌬ GLT1). The triple mutant strain DAN3 (gdh1 gdh3⌬ glt1⌬) was constructed from strain DAN2 by GDH3 disruption due to pLV6 insertion; DAN2 already carried the gdh1 EMS point mutation and the glt1⌬ null allele (Table 1) . Southern analysis was carried out with the 760-bp GDH3 insert as a probe. The pattern of transformants clearly indicated that the insertion had occurred in the wild-type genomic sequence of GDH3 (Fig. 1) . As can be seen in Fig. 2A and B, both the single gdh3⌬ mutant and the double glt1⌬ gdh3⌬ mutant showed no growth phenotype compared to the wild-type strain. The double null mutant strain CLA10 (gdh1⌬ gdh3⌬) had a 4.5-h duplication time, the same phenotype displayed by the single gdh1 (EMS) (7) and gdh1⌬ mutants ( Fig. 2A and B) . However, the triple gdh1 gdh3⌬ glt1⌬ (DAN3) (Fig. 2C ) mutant behaved as a full glutamate auxotroph, indicating that the growth observed when the double gdh1⌬ glt1⌬ (CLA 8) and gdh1 glt⌬ (DAN2) mutants were grown on ammonium was due to the presence of GDH3. NADP ϩ -GDH and GOGAT activities were determined as described previously (5, 7) in extracts obtained from strains harboring various combinations of the gdh1, gdh1⌬, gdh3⌬, and glt1⌬ mutations. Cells were allowed to grow to an optical density at 600 nm of 0.8 to 1.0 and collected by centrifugation. Soluble extracts were prepared by suspending whole cells in their corresponding extraction buffers (5, 7) and grinding them with glass beads in a Vortex mixer. It was found that both the EMS-derived gdh1 strain and the gdh1⌬ mutant showed residual NADP ϩ -GDH activity, which increased 12-to 15-fold in the absence of GOGAT ( Table 2 ). The double mutant carrying mutations on both GDH1 and GDH3 completely lacked NADP ϩ -GDH activity (Table 2) . Moreover, the NADP ϩ -GDH activity detected in the wild-type strain was consistently higher than that found in a GDH1 gdh3⌬ mutant. Thus, we have concluded that the residual NADP ϩ -GDH activity observed in a GDH1-less mutant corresponds to a NADP ϩ -GDH isoenzyme encoded by GDH3 (NADP ϩ -GDH3). The fact that the NADP ϩ -GDH activity was higher in a double mutant impaired in both GDH1 and GLT1 than that found in a gdh1 GLT1 mutant (Table 2) suggests that GDH3 expression may be down regulated by glutamate. Two observations completely negate the possibility that the NADP ϩ -GDH activity found in a GDH1 mutant could be attributed to a leaky phenotype: first, null and EMS-derived GDH1 mutations still show NADP ϩ -GDH residual activity; second, disruption of GDH3 in a gdh1 background completely abolishes NADP ϩ -GDH activity. The fact that only triple mutants impaired in GDH1, GDH3, and GLT1 are glutamate auxotrophs shows that S. cerevisiae has three pathways for glutamate biosynthesis and that all of them must be abolished in order to attain full glutamate auxotrophy.
The presence of two pathways for glutamate biosynthesis in several microorganisms has stimulated discussion on the need for two routes for the biosynthesis of the same end product. The role of these two pathways has been clearly elucidated in Klebsiella aerogenes and Neurospora crassa. In K. aerogenes, the GS-GOGAT pathway functions to assimilate ammonium and synthesize glutamate when the ammonium concentration is low, while GDH plays this role when the cells are cultivated under ammonium excess (17, 25) . In N. crassa, it has been shown that the main function of GOGAT is the recycling of some organic nitrogen from glutamine to glutamate and that both GDH and GOGAT are involved in glutamate synthesis either under excess or limiting amounts of ammonium (14) . For Escherichia coli, it has been recently proposed that glutamate biosynthesis may proceed through NADP ϩ -GDH when the cell is energy limited, while the GS-GOGAT pathway functions when the cell is not under energy limitation (8) . The roles of GDH and the GS-GOGAT pathways have been studied in some yeasts. For Candida albicans, Schizosaccharomyces pombe, and Kluyveromyces lactis, evidence indicates that the GS-GOGAT pathway is the major pathway for ammonium assimilation (1, 11, 26) . Regarding the role that GDH1, GDH3, and GLT1 play in glutamate biosynthesis in S. cerevisiae, our results indicate that, in the presence of GDH1, the lack of either GDH3 or GLT1 does not result in partial glutamate auxotrophy, suggesting that GDH1 constitutes the major pathway for glutamate biosynthesis. Simultaneous impairment of GDH1 and GLT1 does not result in full glutamate auxotrophy, and double mutants are able to grow on ammonium. Strains lacking GDH1 and GDH3 display the same phenotype as that found for single GDH1 mutants, that is, they are both glutamate prototrophs. These results indicate that glutamate biosynthesis is mainly achieved through NADP ϩ -GDH1 and GOGAT.
The isolation of strains partially deleted in GDH3 has been reported by Wilkinson et al. (27) . Those authors concluded that GDH3 is not involved in glutamate biosynthesis; this finding was probably due to the fact that they used GDH1 GLT1 strains to analyze the role of GDH3. By contrast, our results show that GDH3 does play a physiologically significant role in glutamate biosynthesis, allowing considerable growth of the gdh1 glt1 double mutant in ammonium. However, the individual contributions of NADP ϩ -GDH1, NADP ϩ -GDH3, and GOGAT in glutamate biosynthesis under different physiological conditions remain to be addressed. Finally, the use of the same cofactor and substrates by NADP ϩ -GDH1 and NADP ϩ -GDH3 and the high similarity index in their gene sequences argue in favor of divergent evolution of one from the other and perhaps of differences in expression as needed according to physiological cell conditions. We are currently purifying GDH3 and characterizing its promoter in order to address this matter.
To our knowledge, S. cerevisiae is, so far, the only organism having three pathways for glutamate biosynthesis. Since a lack of either GDH or GOGAT does not result in glutamate auxotrophy in most microorganisms, selection of mutants affected in these two pathways has been done by using phenotypic traits supposedly associated with the lack of either GDH or GOGAT. This kind of selection may be biased and in some cases could have resulted, as in S. cerevisiae, in the isolation of regulatory mutants affecting more than one pathway for glutamate biosynthesis. Further analysis of the glutamate auxotrophs that have been obtained in other microorganisms may help uncover the existence of additional pathways for glutamate biosynthesis.
